Proliferation rates in diffuse large B-cell lymphoma have been associated with conflicting outcomes in the literature, more often with high proliferation associated with poor prognosis. In most studies, the proliferation rate was estimated by a pathologist using an immunohistochemical stain for the monoclonal antibody Ki-67. We hypothesized that a quantitative image analysis algorithm would give a more accurate estimate of the proliferation rate, leading to better associations with survival. In all, 84 cases of diffuse large B-cell lymphoma were selected according to the World Health Organization criteria. Ki-67 percentage positivity estimated by the pathologist was recorded from the original report. The same slides were then scanned using an Aperio ImageScope, and Ki-67 percentage positivity was calculated using a computer-based quantitative immunohistochemistry nuclear algorithm. In addition, chart review was performed and survival time was recorded. The Ki-67 percentage estimated by the pathologist from the original report versus quantitative image analysis was significantly correlated (Po0.001), but pathologist Ki-67 percentages were significantly higher than quantitative image analysis (P ¼ 0.021). There was less agreement at lower Ki-67 percentages. Comparison of Ki-67 percentage positivity versus survival did not show significant association either with pathologist estimate or quantitative image analysis. However, although not significant, there was a trend of worse survival at higher proliferation rates detected by the pathologist but not by quantitative image analysis. Interestingly, our data suggest that the Ki-67 percentage positivity as assessed by the pathologist may be more closely associated with survival outcome than that identified by quantitative image analysis. This may indicate that pathologists are better at selecting appropriate areas of the slide. More cases are needed to assess whether this finding would be statistically significant. Due to the good correlation between pathologist estimate and quantitative image analysis, there is no substantial benefit to using quantitative image analysis at this point of time.
Diffuse large B-cell lymphoma is the most frequent type of non-Hodgkin lymphoma in adults in the United States. 1 Due to its heterogeneity in appearance and clinical behavior, numerous studies have attempted to further subclassify this entity into meaningfully distinct groups. Although gene expression profiling and surrogate immunohistochemical studies have elicited significant differences in pathogenesis and overall survival, [2] [3] [4] [5] [6] [7] [8] [9] with groups such as those of germinal center B-cell origin and activated B-cell types identified, the majority of these studies took place before the routine addition of rituximab to the chemotherapeutic regimen. The relatively recent use of chemotherapy regimens incorporating rituximab (R-CHOP) has shown in some studies an eradication of these differences in prognostic markers, 10 although some recent studies have suggested no significant difference between CHOP and R-CHOP groups. 11 Although many practicing pathologists have avoided the routine classification of diffuse large B-cell lymphoma into germinal center B-cell and activated B-cell phenotypes, for reasons including those mentioned above, most pathologists still continue to report the proliferation rate of the tumor. The Ki-67 monoclonal antibody is commonly used to measure the proliferation index, and a higher proliferation rate is commonly associated with worse prognosis. Many of the studies, however, that report an association between high proliferation rate and poor prognosis [12] [13] [14] were performed before the routine use of rituximab in chemotherapy regimens. Examination of the medical literature shows some conflicting data with some studies reporting no effect of proliferation rates on prognosis, 15, 16 and other studies even showing correlation between low proliferation index and poor outcome. 17 Despite the variable data, the most recent World Health Organization criteria on diffuse large B-cell lymphoma does list high proliferation index as a likely indicator of poorer prognosis. 1 Traditionally in the clinical setting, pathologists have estimated this proliferation rate using a Ki-67 immunohistochemical stain, selecting areas of tumor involvement and estimating the percentage of tumor cells with positive nuclei. The presence of nuclear staining with Ki-67 indicates an actively cycling cell while quiescent cells should be negative. 18 Although some research studies have used more complex and time-consuming methods involving counting cells in grids, in practical application one would generally study multiple areas of involvement and give a rough estimate without actually counting all of the cells. There is some debate as to which method is best and whether a semi-quantitative estimation is sufficient. No specific cutoff has been established at which prognosis changes, but several studies have used cutoffs in the range of 60-80% Ki-67 positivity to achieve statistical significance. 12, 14, 19 In recent years, virtual microscopy and quantitative image analysis have become viable options in the clinical laboratory and have been used both in clinical and research applications, including areas of high-volume study such as routine gynecological cytology, where their cost savings is more obvious. [20] [21] [22] [23] [24] In areas of pathology such as the microscopical evaluation of lymph nodes for malignancy, quantitative image analysis is not widely used and less literature exists as to its potential benefits. In the study of large cell lymphomas, proliferation indices are frequently evaluated to assess for potentially aggressive tumors, although as stated above, it is typical for only a semiquantitative estimate to be given in clinical practice.
In this study, we sought to address whether the use of computer-driven quantitative image analysis would add clinical value. We hypothesized that a quantitative image analysis system may be able to provide a more accurate proliferation index than that obtained by routine pathologist estimation. As previous reports in the literature show conflicting conclusions as to the prognostic significance of the proliferation rate, we further hypothesized that quantitative image analysis of the proliferation index would reveal a stronger correlation with prognosis, with higher proliferation conferring a worse prognosis. Lastly, we suspected that the number of background T-cells might confound the computer's ability to assess the Ki-67 percentage and to identify which cells were tumor and which were background T-cells. Thus, we also became interested in quantifying the number of background T-cells, as we thought an algorithm might be necessary to 'subtract' the nontumor T-cells from the computer-generated Ki-67 proliferation index, thereby providing the 'true' proliferation index of the tumor. The ultimate question that this study addresses is whether the current pathologist assessment of proliferation rate is adequate or whether a computer-driven quantitative analysis would add prognostic value, and should be implemented in routine clinical laboratory evaluation of diffuse large B-cell lymphoma.
Materials and methods

Case Selection
This study was approved by the Human Research Protections Office of the University of New Mexico Health Sciences Center. Cases were selected from the pathology database that met the 2008 World Health Organization criteria for the diagnosis of diffuse large B-cell lymphoma, not otherwise specified. Cases of central nervous system lymphoma, post-transplant lymphoproliferative disorders and cutaneous lymphomas were excluded. Cases classified as T-cell/histiocyte-rich large B-cell lymphoma were also excluded from the study. None of the cases were diagnostic of Burkitt lymphoma, nor did any of the cases evaluated by cytogenetics have the 'double hit' finding of both a MYC rearrangement and a t(14;18) translocation, which has been associated with more aggressive biological behavior and may ultimately be classified as a separate entity. 1, 25 We specifically selected cases no earlier than 2001 to better standardize the treatment that patients received. In all cases, treatment was potentially curative and where indicated, the R-CHOP regimen (rituxan, cyclophosphamide, doxorubicin, vincristine and prednisone) was used. After exclusion criteria were used, a total of 84 cases were collected. Of these, 50 cases originated in a lymph node while 34 cases were extranodal.
Immunohistochemistry
Archived glass slides from each case were collected. Standard laboratory protocols were used in the staining of each case as follows: Sections were cut at 4 to 5 mm intervals. One slide each was stained with hematoxylin & eosin, and a section from each case was also stained using antibodies to the following: Ki-67 (clone 30-9, pre-diluted, antigen retrieval CC1-30, Cell Marque, Rocklin, CA, USA) and CD3 (clone 2GV6, pre-diluted, antigen retrieval CC1-30, Ventana, Tucson, AZ, USA). The immunohistochemical stains were performed using standard protocols for the particular antibodies.
Digital Imaging and Quantitative Image Analysis
An H&E, CD3 and Ki-67 slides were scanned for each case using the Aperio ScanScope (Aperio Technologies, Vista, CA, USA). These were the same slides used to make the original diagnosis. After saving each digital image, all intact areas of tumor (excluding areas of significant crush artifact, necrosis and other poor quality regions) were selected for analysis. (Figure 1 ) Aperio ImageScope software (Aperio Technologies) was used, including both the Aperio nuclear and membrane IHC algorithms, for Ki-67 and CD3 staining, respectively. (Figure 2 ) These algorithms are based on the spectral differentiation between brown (positive) and blue (counter) staining. Total percentage positivity (1 þ through 3 þ added together) was recorded for each case.
Review of Pathology Report and Medical Chart
The percentage Ki-67 positivity was recorded from the original pathology report. If this number was given as a range (eg 70-80%), we used the mean (75% in the example given) for purposes of statistical analysis. Other clinical data collected included location of tumor, stage, international prognostic index (IPI) score, type of therapy received, date of diagnosis, outcome, date of death or last date of contact and overall survival time (defined as time from original diagnosis to death).
Statistical Analysis
Computer-generated quantitative image analysis (quantitative image analysis) percentages for Ki-67 were compared with the standardized value (mean percentage) extrapolated from the pathology report using Pearson correlations and paired t-tests. Pearson correlation with Ki-67 and CD3 was also calculated. Although quantitative image analysis CD3 values were also recorded, these were not typically mentioned in the pathology report, and thus no comparison could be made.
Patients were classified into low and high proliferation groups using cutoffs of 70 and 80%, and Kaplan-Meier survival curves were calculated for groups. Patients were censored at the end of the study. Log-rank tests were used to test whether survival curves were different between the two analysis modalities. Both the computer-generated and pathologist-estimated proliferation indices were compared with overall survival times, using both a 70 and 80% cutoff to stratify into a high and low proliferation group. Cox proportional hazards regression was used to further explore how proliferation index, age, gender and international prognostic index (IPI) score were associated with mortality. Cox models were used to assess whether CD3 was associated with mortality, and Ki-67 values were also compared with CD3 values to assess for any possible correlation.
Results
Patient characteristics are shown in Table 1 . Of the 84 patients with valid follow-up times, 26 (31%) died of presumed lymphoma-associated complications. The median follow up time was 21 months (0.3-100 months).
The pathologist estimate of Ki-67 percentages ranged 5 to 100%, with an average of 68.4% and a median of 77.5%. The computer estimate of Ki-67 percentage positivity ranged 7-96%, with an average of 62.0% and a median of 66.0%. Given that the pathologist-generated Ki-67 percentage is intended to be an estimate, assessment of the pathology reports reveals the expected finding that the pathologist is more likely to report the Ki-67 percentage in increments of 10 percentage points, while the computer-generated numbers are more continuous. Even with this difference, the pathologist estimate of proliferation index is still strongly correlated with the computer-generated value (Po0.001, r ¼ 0.67). Despite this strong correlation, the pathologist did tend to report a slightly higher value than did the Figure 2 After the immunohistochemistry algorithm is completed for the selected region, visual data are depicted by color intensity for each cell on the left, with numerical data in the annotation window on the right.
computer (mean ¼ 6.0, 95% CI ¼ 2.0-10.1, P ¼ 0.004). We also noted poorer agreement at lower Ki-67 values. The majority of values were greater than 40% for both the pathologist and the computer, as would be expected in diffuse large B-cell lymphoma.
When Ki-67 values from both the pathologist and the computer were compared with survival outcomes, no statistically significant correlation was identified for either group. This included all diffuse large B-cell lymphoma cases taken together, as well as when subdivided by stage or international prognostic index (IPI). Although neither method was statistically significant, the pathologist estimate did show a trend of shorter survival with higher proliferation index (Figure 3) .
In all, 65 cases had CD3 immunohistochemical stains of good quality available for quantitative image analysis. Of these, the percentage of CD3 þ T-cells present in the specimen analyzed ranged 0-87%, with an average of 37% and a median of 40%.
We originally recorded CD3 percentages (computer generated) in each case to assess whether a higher number of background T-cells might in some way alter the computer's estimate of the Ki-67 proliferation index. The theory was that the computer would do a poorer job of separating true tumor cells from background non-neoplastic cells. Thus CD3 percentage was also compared with Ki-67 percentage and showed a negative correlation between the two variables (Po0.001), suggesting that CD3-positive cells did not stain positively for Ki-67. Interestingly, when isolated as an independent variable, CD3 percentage generated by the computer algorithm did show a statistically significant correlation with the overall survival, with higher percentages of CD3 associated with longer survival (P ¼ 0.014). (Figure 4 ) After adjusting for patient age and gender, the hazard of mortality decreased by 0.81 for each 10% increase in CD3 (P ¼ 0.037, 95% CI ¼ 0.67-0.99). Quantitative image analysis in lymphoma
Discussion
Due to the tight correlation between quantitative image analysis and the pathologist assessment of Ki-67 percentage, at this point of time, there appears to be no particular benefit to using a computerbased algorithm, as the pathologist estimate is both accurate and adequate and has the benefit of not requiring additional equipment. As for the prognostic implications of the proliferation index in diffuse large B-cell lymphoma, our study was unable to demonstrate any significant correlation between proliferation rate and outcome. Although the pathologist estimate and survival outcome showed a trend of shorter overall survival with higher Ki-67 proliferation rate (using a cutoff of 80%), this finding was not statistically significant. The literature already shows conflicting data on this topic [12] [13] [14] [15] [16] [17] and our findings do not lend any strong support to a correlation between the Ki-67 and outcomes.
Previous studies that showed strong association between Ki-67 proliferation rates and outcomes may have been affected by biases including deliberately selecting areas of highest proliferation and handcounting tumor cells. 19 We attempted to avoid these potential biases through the use of a computerassisted algorithm, so as not to select only certain areas but to evaluate the tumor as a whole, encompassing intratumor variations in proliferation. Many previous studies were also performed on what are now outmoded chemotherapeutic regimens, namely CHOP without the addition of rituximab. In our study, the vast majority of patients completed R-CHOP chemotherapy. Our findings would suggest that either there is no correlation between proliferation rate and prognosis, or that possibly our sample size was too small to show a meaningful correlation. It would be worthwhile to have a large enough sample size to subdivide these outcomes into stagedependent groupings. Unfortunately, although we attempted this type of analysis, our sample sizes were most likely too small to achieve a meaningful evaluation using these parameters.
Perhaps of greater interest was an unexpected finding in this study. Although we originally included the assessment of CD3 in this study, our intention was to use the percentage of T-cells to create a 'correction factor' so that the background T-cells would not falsely alter the proliferation rate. In the end, we decided against creating such a correction factor for two reasons: First, the pathologist estimate and computer estimate were already very closely aligned without the need for a correction factor. Second, comparison of the CD3 percentage and Ki-67 percentage from each case showed a negative correlation, suggesting that cells staining positively for CD3 did not, for the most part, stain positively for Ki-67 or contribute to the total Ki-67 percentage. This would suggest that background T-cells did not confound the Ki-67 percentage.
We then examined the CD3 percentage independently of the Ki-67 proliferation rate, with respect to its relationship with survival outcomes. CD3 is a pan T-cell antigen, and thus the CD3 percentage is an indicator of how many non-neoplastic T-cells are present in the background of the tumor. Diffuse large B-cell lymphomas typically do not express this marker and more specifically, none of our cases expressed CD3 in the tumor cells. It is also important to note that T-cell/histiocyte-rich large B-cell lymphomas were excluded from the study, as including this potentially aggressive lymphoma might confound our data. Our analysis showed a statistically significant correlation between increased numbers of T-cells and longer survival outcomes. We hypothesize that the recruitment of increased numbers of T-cells may indicate a more brisk or vigorous host inflammatory response, supported by the findings of Monti et al 26 in their gene expression profiling study. If this is the case, this increased host response may prove beneficial in the survival outcomes of these patients.
Monti et al 26 used molecular profiling to identify three distinct 'signatures' (gene expression profile patterns) in diffuse large B-cell lymphomas. One of these they coined the 'Host Response' signature, characterized by increased expression of T-cell receptor and inflammatory/immune components as well as a morphologically notable increase in T-cells, natural killer cells and macrophages. Although this group could be characterized as younger aged patients with frequent spleen and bone marrow involvement and fewer genetic abnormalities, there was no significant difference in survival between this and the other two groups.
Another study used flow cytometry to quantify the number of reactive T-cells in the tumor biopsy and found a correlation between CD4 þ helper T-cells and overall survival. 27 In contrast, Muris et al 28 found that increased numbers of other groups of T-cells (activated cytotoxic T-lymphocytes expressing granzyme B) were associated with failure to reach complete remission and worse overall survival time. More work would still be needed in this area to further investigate, but from a practical standpoint, an assessment of background T-cells may be of use to the oncologist in prognostic assessment and biological behavior of the tumor.
For several years, the use of quantitative image analysis (quantitative image analysis) in diagnostic pathology has been a topic under considerable debate. In this study, we sought to investigate quantitative image analysis using Aperio ScanScope immunohistochemical algorithms for Ki-67 and CD3 stains versus original pathology reports, comparing Ki-67 percentages for the two methods with ultimate prognosis for patients diagnosed with diffuse large B-cell lymphoma.
Although there is significant correlation between pathologist estimates and quantitative image analysis of Ki-67 percentage, pathologists tend to report slightly larger values. Proliferation rates in diffuse large B-cell lymphoma have been associated with conflicting outcomes in the literature, and our data does not support that higher proliferation rates are association with worse clinical outcome. Interestingly, the Ki-67 percentage assessed by the pathologist may be more closely associated with survival outcome than that identified by quantitative image analysis. This may indicate that pathologists are better at selecting appropriate cells for analysis and avoiding the inclusion of background non-tumor cells in the estimate or that they are better able to evaluate the lymphoma sample within the context of the entire glass slide. Although a pathologist has the education and training to estimate the percentage positivity only from large tumor cells, effectively ignoring the smaller lymphocytes in the background, the degree of sophistication of the computer algorithm is likely still lacking and is less able to distinguish these subtle differences. Our study also suggests that quantitative image analysis may offer a way to quantify the presence of host inflammatory response, with results demonstrating that increased background (non-neoplastic) T cells (CD3 positive) are associated with improved survival.
Although more research is needed to evaluate potential clinical uses for quantitative image analysis in diagnostic pathology, our study shows that as there is substantial correlation between pathologist estimate and quantitative image analysis percentage for Ki-67-stained cells in diffuse large B-cell lymphoma, there is no benefit to using quantitative image analysis over pathologist estimate at this time. Further research must be done to investigate CD3 percentages as a possible prognostic variable in diffuse large B-cell lymphoma.
